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BASIC PROCEDURES IN THE CALCULATION OF THE
HEAT EXCHANGE OF THE CLOTHED HUMAN BODY*
L. P. HERRINGTON
In 1939 primary information on the temperature regulation of
the nude human body under moderate thermal stress existed in abun-
dance. Studies of both the physiological and biophysical factors in
temperature adjustment dated essentially from the time of Rubner, with
a particular concentration of activity in the period from 1930 to 1939.
In this literature, however, only a few studies dealt with the influence
of clothing on heat loss. Three reports2' 3' 4' from the laboratory of
the American Society of Heating and Ventilating Engineers had demon-
strated the effect of normal and partial clothing on the sensations of
comfort or tolerance to be expected in relation to given Effective
Temperature conditions. Three reports from the John B. Pierce Labora-
tory 4, 27 29 and one from the Russell Sage Institute of Pathology"
had presented analyses of the effects of air movement, humidity,
radiation, and of theconvection effects on clothed human subjects within
the range of from 160 to 38°C. These latter four studies computed
for the first time the insulation value of clothing assemblies. They
also demonstrated for the first time the quantitative changes in tem-
perature gradients, circulation, and evaporation loss that occur when
the body is exposed clothed rather than nude. Suddenly, in 1940 and
1941, physiologists were flooded with requests for practical information
on the heat exchange properties of clothing, and the critical nature of
these problems may be estimated from a survey of a few typical
questions:
(1) A gunner is to be exposed for several hours in an unheated
aircraft gun-turret at a temperature of -30°C. His heat production is
only slightly above that of a resting man. Three sets of protective cloth-
ing are available. The operational inconvenience of these may be
roughly summarized in terms of total weights for the three sets of 12,
16, and 19 pounds. For how long a period can the man remain efficient
in each of these outfits?
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(2) A light assembly, weighing 10 pounds, is available for an
exposure of -30°C. X watts of electrical energy are available to com-
pensate for reduced insulation. What is the time tolerance of a resting
man with such an assembly? Should the electrical heat input be dis-
tributed uniformly throughout the assembly, or should the trunk and
extremities receive different proportions, depending upon the larger
surface per unit of volume in the hands and feet? Is it true that the
regulation of body temperature is inefficient when the hands are kept
locally comfortable despite the gradual over-all cooling of the body
system?
(3) Infantrymen equipped with items of clothing sufficient for
indefinite protection at 0°C., with a natural wind velocity of 15 m.p.h.,
are to be transported in open lorries at 40 m.p.h. What is the effective
change in insulation and period of cold tolerance due to the convection
effectofhigh wind velocity?
(4) A given protective assembly is just sufficient thermal pro-
tectionwithordinary activity at a temperature of 00C. Strenuous activity
may increase the heat production to 4 times the normal value. Will
such activity produce sweating? Will such sweat destroy the insulation
properties, exposing the wearer to a hazardous degree of body cooling
when activity is lessened?
(5) Two jungle uniforms are available. One is of material es-
pecially designed to resist insect bites, but this material is less porous
and slightly heavier than the other. Will the heavier textile construction
interfere with moisture transfer and cause a sensibly greater dehydration
loss and circulatory stress, resulting in the discard of the equipment
by personnel?
Hundreds of questions similar to those given above, all of which
directly involved an expert knowledge of the quantitative effect of
clothing insulation on human temperature regulation, were presented
to physiologists from equipment and medical divisions of all units of
the armed forces. Detailed and quantitative answers were desired, and
frequently the nature of this advice was a starting point in a long
process of design, manufacture, and eventual global distribution of
millions of items of clothing. These conditions required the anticipation
of results. Hence, in addition to field tests, laboratory methods for
predicting the probable thermal value and climatic adaptability of
dress assemblies were desperately needed. In answer to this need,
methods of evaluation were developed which have resulted in hundreds
736CLOTHING AND HEAT EXCHANGE
of studies of clothing insulation in relation to varying conditions of
human activity and exposure. The extent of this war-period literature
and its highly specific nature preclude an attempt to review it here.
It will be more serviceable to present the basic methods of clothing
analysis which were found to be useful.
The method of partitional calorimetry
In a series of publications by C.-E. A. Winslow and his colleagues
at the Pierce Laboratory of Hygiene, a method termed "partitional
calorimetry"27 has been developed which is particularly well adapted
to a study of all elements of the heat exchange of the human being.
This method is based upon a determination of the constants of heat
loss for the human body when a known difference exists between the
temperature of the skin or clothing surface and the ambient tempera-
ture. This exchange takes place by two avenues, direct conduction and
convection to the ambient air, and direct radiation to and from the
body surface and the surfaces which enclose the body.
The human body also loses heat by evaporation to the air. This
loss may be measured by sensitive balances and converted into heat
units. Since the organism is not necessarily in a steady condition of heat
exchange,butmaybe increasingordecreasing its heat content, successive
measures in time of average skin and rectal temperatures will yield an
estimate of the amount by which total heat loss fails to balance with
heat production. Finally, the heat produced internally and which is
the subject of this series of processes, may be measured in terms of
oxygenconsumption, oroften quite reliably estimated from aknowledge
of the subject's age, sex, and activity.
In thecaseofthenudesubject, this heatbalance may beexpressed as:
[1] M +- S E = Kr (Ts-Tw) + Kc (TS-TA),
where
M = metabolism in Kgcal/hour,
S = net change in total heat content of the body mass ex-
pressed in Kgcal/M2/hour,
E = evaporative losscomputed as .58 x the evaporativeweight
loss in grams/hour,
Kr = constant of radiation exchange per °C. difference be-
tween the average surface temperature of the body
and that of the enclosing walls,
Ts= average temperature of the body surfaces,
Tw= average temperature of the wall surfaces,
TA = average temperature of the ambient air surrounding the
body,
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Kc = constant of convection exchange per CC. difference be-
tween Ts and TA.
In the case of the clothed subject, this equation becomes:
[2] M ± S - E Kr (Tcl-Tw) + Kc (Tcl TA),
where
Tc, = average temperature in 'C. of the exposed skin and
clothing surfaces of the body system.
The elements of equations [1] and [2] have been stated without
introducing a specific area factor, and in this form they imply a heat
balance for a human being of average area. In practice it is customary
to express the terms M ± S - E in Kgcal/M2/hr. and likewise to use
unit area values for the constants Kr and Kc. In this latter connection
it must be observed that the value for Kc, the convection loss, is a
function of air movement, and the area involved is that of the nude
body or the exposed skin plus the clothing surface. Also the radiation
constant is not, strictly speaking, a constant, since the radiation exchange
between two surfaces is not a linear function of their temperature
difference, but is proportional to the fourth power difference. The area
involved in radiation loss is somewhat less than the true surface area, and
expressions in unit area should employ a radiation area equal to 75
per cent of the surface area. The effect of these modifications may be
seen in equation [3], which is in a form permitting direct computation
of heat loss, and recognizing the restrictions noted above. The radiation
expression is not in an exact fourth power difference form but is in a
convenient form for calculation, and yields results of adequate accuracy.
[3] M S-E = .75 x (4 x 4.92xlO-8) x Tw3 + (273° + TCl)l
+ 1.0 VV(Tcl TA).
In this expression, the factor + L.OVV represents the convection
loss per M2 per hour per 'C. where V is the velocity of air movement
in cm./sec., and replaces the expression Ke(Tci-TA) in equation [2].
The remaining terms define Kr(Tcl-T,) as given in [2]. Where nude
subjects are concerned, T8 may be substituted for Tc1. In application to
the nude body, the above relations will yield the total heat loss when
multiplied by the surface area of a given subject. In application to the
clothed body, the required total surface must be estimated. For any
given atmospheric condition and subject activity, the physiological
effectof a given clothing assembly and its physical insulation value may
be determined from paired partitions using equations [2] and [3].
In order to make equation [3] serviceable for practical calculations in-
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volving the clothed human body, some procedure for determining the
surfaceofthe clothed individual must bepresented.
This problem has received considerable attention at the Pierce
Laboratory of Hygiene. For those who wish to apply equation [3] to
clothed subjects with maximum accuracy, the following procedure is
advisable. Sharply outlined silhouettes for the nude and for the clothed
subject arephotographed with the subject in a lateral position, with the
arms extended at the level of the shoulders. The areas of the resulting
nude and clothed silhouettes are then determined by paper-weight
methods or by the use of a planimeter. The surface area of the nude
subject is separately estimated from the DuBois height-weight formula
and compared with the silhouette area of the nude. The silhouette area
is determined by applying a correction for photographic reduction and
multiplying by the factor 5.02. This factor' relates the lateral
silhouette area to the surface area of the body as a whole. The surface
area of the clothed body may be estimated on the basis of the above
relations and the photographically determined ratio between the nude
and the clothed silhouettes.
In practical application this method will be found tedious and may
involve an attempt atprecision which is outofproportion to the accuracy
required when variability in clothing fit and eccentricities of design
are considered. Indeed, one may go further and note that with any
clothing other than a skin-type vestment or an enveloping sack, it is
verydifficult to define the effective surface which is operative in thermal
interchange. In the case of evaporative exchange, a textile surface of the
same profile area as that of the human body may provide a surface
effective in evaporation which is enormously greater than a skin profile
of equal area.
The difficulties, however, do not obviate the need for reference to
a "clothing surface," and the use of some consistent surface in the
partition of heat loss from the clothed body. For this reason it appears
necessary to define an effective clothing surface in some manner per-
mittingdirect andrapid approximation from easily determined measure-
ments. We believe that such a "standard" clothing surface can be use-
fully estimated from the total weight of all clothing elements. In table
1 the relation between surface areas as determined by the silhouette
method and the weight of the clothing worn is given for total clothing
weights varying from 0 to 10.5 kg. The lighter assembly, which in-
cludes shoes, socks, and light underwear, is typical of the cool weather
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protection worn at outdoor temperatures near 10°C. with moderate
activity. The heaviest assembly, weighing 10.5 kg., is composed of
ordinary shoes, heavy woolen underwear, normal weight trousers and
shirt, heavy woolen socks, high fur-lined boots, fur-lined leather jacket
and outdoor trousers, fur-lined leather gloves, and sheepskin cap;
in short, what might be worn for the most extreme exposure. Heavier
dress than this is so cumbersome that we may reasonably conclude
that this is the practical upper limit in protective clothing from the
standpoint of weight and bulk.
It may be noted in table 1 that the silhouette method for surface
area agrees with the DuBois surface in the case of the nude, hence we
may assume that the method yields a reasonable approximation for
the dressed condition. On inspecting these values it can be seen that
for relatively light form-fitting clothing, the total area increases about
TABLE 1
Surface area, Increase
M2 Silhouette Wt. ofall inS.A.
DuBois method clothing perkg. of
Dress Ht-Wt M2 kg. clothingM2
1. Nude 1.70 1.67 0 0
2. Pants, shirt,
leather
jerkin * 2.17 4.7 .10
3. Heavy cold
weather
dothing * 2.64 .66 .15
4. Arctic
equipment * 3.05 10.5 .13
* Formula not applicable to clothed figure.
.1 M2 for each kg. of clothing (all items included). For distinctly
heavy clothing, where loosely fitted double pants and heavy fleece-
lined jackets are used, this ratio is between .13 and .15. If we assume
that the fit of normal dress approximates that of condition 2, normal
dresswith atotalweightof 3.5 kg. should give aclothingsurface of 2.05
M2 for this subject if the factor of condition 2 is applied. The mean
increase in surface for all examples of table 1 is .127 M2 per kg. of
clothing. We believe that where equation [3] is applied to the clothed
subject, the value of .13 M2 per kg. of clothing may be used to approx-
imate the exposed area without important error. Direct determinations
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of this area are preferable, but in application to civil and industrial
situations in which heat or cold stress calculations are applied to an
average individual, this is usually not feasible. The average factor in
table 1, .127 M2 per kg. of clothing, when applied to an individual of
average stature, gives the estimated clothing surface areas of table 2.
TABLE 2
Weightof
Dress Area clothing
M2 inkg.
1. Nude 1.80 0
2. Work pants, light underdrawers,
shoes and socks 1.95 1.2
3. No. 2 plus light undershirt,
and shirt 2.10 2.39
4. No. 3 plus vest, coat, and tie 2.24 3.48
In table 2, the conditions of dress apply to heavy work under warm
conditions,4 moderate work under warm conditions, or light work
under hot conditions,2 and finally to all conditions under which
standard conventional male dress is either usual or obligatory.27
The estimation of radiation and convection insulation of
clothing using heated models of the human body
Equations [2] and [3], or equivalent equational statements, are
fundamental to any analysis of human heat loss. Their practical difficul-
ties in application are two-fold. For extreme levels of activity or severe
cold or heat exposure, the period required to reach a steady state of heat
loss isprolonged. This is a result of the high heat capacity of the human
body and of its relatively great thermal inertia. Furthermore, these
periods of adjustment represent tolerance times, knowledge of which
is often quite as important as is a determination of the steady state.
Considerable progress in meeting these difficulties has been made
by determining tolerance times empirically with representative subjects
at a given exposure and with a given protective clothing assembly.
Suchdeterminations havethenbeen related to supplementarydetermina-
tions on models of the steady state insulation of the clothing assembly.
This steady state value may be rapidly attained by the use of heated
metallic manikins which reproduce in size and form the dimensions of
an average human being. Heat is produced electrically in the body
segments of such manikins. By proper design this heat is distributed so
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that the different rates of heat loss from the torso, head, and extremities
approximate those of the human subject under comfortable conditions.
By variations of the total quantity of heat, the model may simulate a
man at rest or working at various levels of increased heat production.
Although wide use of such models had been made previously by A. C.
Burton,8 the Fatigue Laboratory, and by the Pierce Laboratory in
war-period research, the first technical description of a satisfactory
model was published by Hall15 in 1946.
The models have a low heat capacity, hence quickly reach a steady
state. In addition, the heat input (simulated metabolism) can be more
accurately determined than in the human subject. Furthermore, the
complicating factor of evaporation may be eliminated from the deter-
mination of radiation-convection insulation value. Shulman23 de-
termined the insulation of a heavy Arctic assembly on human subjects
and on a heated model, and found that the two methods gave values
well within 5 per cent of the mean value.
The "clo" value-Unit of clothing insulation
The widespread use of partitional methods of estimating heat and
cold stress from subjects and models created a need for a unit of heat
insulation whichwould havepractical meaningfor non-technical groups.
Such a unit should be convertible into the B.T.U./sq. ft./'F. used by
ventilating engineers, the physicist's gram-cal/sec./°C., and the physi-
ologist's Kgcal/hr./°C., without being dependent upon these units
for an approximate subjective appreciation of its insulation value. With
these points in mind, Gagge, Burton, and Bazett13 defined a practical
unit, the "dco." One clo unit of thermal insulation is the clothing re-
quired to keep a resting subject in a comfortable state when the subject
is seated in an atmosphere of 70°F., with relative humidity less than 50
per cent and air movement at 20 ft./min. (10 cm./sec.). The standard
value for the metabolism associated with this condition is 50
Kgcal/M2/hr.
The standardization of the clo unit utilized the experimental work
of Winslow, Gagge, and Herrington28 to determine that the total
insulation which is the sum of the insulation of the clothing, Ic,, and
thatof the air, IA, is
[4] ICI + IA 33-21 = 0.32 - C. 38 Kgca1/hr./Sq.M.
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The insulation of the air in metric units at the air movement cited is
[5] 0.14 Kgcal/hr.jSq.M.
By difference the insulation of the clothing, equal by the above
definition to 1 clo, is
[6] 0.32 - 0.14 = 0.18 Kgcal/hr./Sq.M.
or
OF. 0.88 .
B.T.U./hr./SqFt.
The clo definition is in terms of resistance rather than conductance
units,since the formermaybeaddeddirectly toobtain the total resistance
fromknown sub-components. Theresistance' is given by the ratio of the
driving force, here the temperature difference, to the flow per unit area
of cross section, so that the
Tskin-Tair( 0C. Total insulation = Kgcal/Sq.M/hr.
(clothingplus air)
and a standard value for this relation is defined by equation [6]. Per-
haps something is added to the sensory appreciation of this unit by the
followingexample. With low air movement and moderate humidity, the
resting nude subject is comfortable at 860F. (30°C.). One clo of
insulation is required to maintain the same degree of comfort when the
air temperature is dropped 16°F. (8.9°C.). Extending this analogy,
one can saythat two clo is the clothing sufficient for comfort at 860-32°
or 54'F., three clo that sufficient for 860-48° or 38°F., and so on, it
being understood that air movement and heat production remain in
agreement with the formal definition.
It is probably obvious that one clo is very nearly the insulation
provided by normal male clothing. This is intentional and provides a
valuable experience correlation for the unit. However, those applying
the unit should not duplicate the questionable labor of one investigator
who sought to determine the value of one clo more exactly, after the
fashion followed in studying the physical constants. The clo unit is by
definition an arbitrary unit.
In table 3 data on the time course of the heat adjustment of a
normally clothed male subject are given.27 This table illustrates the
elements necessary for a calculation of the basic insulation of the air
and of the clothing in the usual metric units. In the extreme right-hand
column the clothing insulation has been converted into clo units to
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illustrate the above discussion. It should be noted that the insulation
value of air, IA, and of the clothing, Ic1, yields a relatively constant value
despite the absence of a complete steady state. This is made possible by
computing the factor S, representing change in average body tempera-
ture and applying it to the equation:
TABLE 3
Elapsed | T4 Takri Trectum Tciothft Ml E S I|A I ', ClO
tim e _u nits
Minutes 0C. 0C. OC. 0C. KgcaI/M2/hour =|-|=_
0
40 16.2 33.18 37.04 26.0 53.0 10.3 11.4 .18 .13 .72
80 16.2 32.75 36.97 25.8 50.5 10.3 11.1 .19 .13 .72
120 16.1 32.36 36.89 25.6 50.2 10.3 9.7 .19 .14 .78
160 16.2 31.87 36.82 25.1 51.4 10.3 12.4 .17 .13 .72
200 16.1 31.60 36.76 25.0 53.3 10.3 7.7 .18 .13 .72
M = metabolism; E, evaporation; S, storage, or heat equivalent of the net change
in body temperature: I.,, and Ici, are insulation values of air and clothing, respectively, in
°C.
Kgcal/M2/hr.
M + S -E -R + C,
where
R + C net heat loss.
In computing S, the changes in skin temperature receive a weight
of 1, the changes in rectal temperature a weight of 2. Since the body
is cooling, this average temperature change x the specific heat of the
body, .83, andtheweightofthesubject, yields a resultinKgcal/M2/hr.,
which must be added to M, the measured heat production. E, the
evaporation loss, is subtracted.
Intable 3, the insulation value ofthe air is greater than the value on
which the clo unit was standardized, reflecting the difference between
the air movement of 4.6 cm.,/sec. and 10 cm./sec. Such values for the
insulation of the "air" include both radiation and convection effects
from the surrounding environment. In order to separate these effects
for unusual radiation exposures and air movements, equation [3] must
be applied, utilizing measurements of radiant temperature and of air
movement.
The relations presented above make it a relatively simple matter to
compute the theoretical insulation required for any exposure. Un-
fortunately, we cannot provide any insulation that a calculation may
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indicate as necessary. As successive insulating layers are applied to the
body surface, their efficiency decreases according to a law of diminishing
returns, as is well illustrated in table 4. The values recorded in this
table represent the reductions in heat loss per unit area achieved by
adding 1 to 6 layers of clothing. The effect of radiation insulation is
illustrated by contrasting the values for the blackened and the polished
cylinders. In these experiments the cylinder (13 inches in height, 6
inches in diameter) was maintained at 37.5°C. in a controlled tem-
perature room. It can be easily seen that each successive layer of insula-
tion has a smaller insulating effect, the change being unimportant
after the 5th layer.
TABLE 4
EFFECT OF SUCCESSIVE LAYERS OF INSULATION ON
HEAT LOSS FROM A HEATED CYLINDER
Heatloss
Kgcal/M2/°C.
difference,
cylindersw-
Insulation faceandair
Polished cylinder 3.69
Blackened cylinder 6.36
Plus 1 layer underwear 4.98
2nd layer, pile fabric 2.46
3rd layer, pile fabric 1.48
4th layer, pile fabric 1.07
5th layer, pile fabric .69
6th layer, pile fabric .71
Complications introduced by the existence of parallel
channels of heat loss
Although it is usual to consider the clothing as a unit of thermal
resistance interposed between the body and the environment, this is not
strictly true. At very low temperatures, or with high wind velocities,
considerable quantities of heat flow along parallel paths of heat loss
'and do not pass through the clothing proper. Heat loss by respiration,
direct losses from exposed skin, and both evaporative and convection
losses due to ventilation of the clothing fall in this category.
In table 5 a calculation of the amount of heat which "short-circuits"
the'clothing barrier has been made. It can be seen that even at 0°C.
the processes of respiration and insensible evaporation may account for
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as much as one-third of the resting heat loss. To this may properly be
added a less certain increment due to clothing ventilation and loss
from the exposed facial skin which may raise the total short-circuit of
the clothing barrier to one-half of the resting heat loss. Emphasis has
beengiven tothis illustration because it is afactor of great importance at
low temperatures, and is perhaps the principal difficulty in the direct
application of the clo value of an assembly to unusual conditions. This
difficulty is, in brief, the fact that we have a series resistance in the
clothing and, in addition, parallel paths of heat loss related to exposed
skin, respiration, and garment ventilation.
TABLE 5
[RESPIRATION
J CLOTHING VENTILATION
ESTIMATED PARALLEL HEAT LOSSES 1 SKIN EVAPORATION
lR+C FROM EXPOSED FACES
1 2 3 4ePr # 6 Respired* 3456 Totalof
Temp. heatloss SkinE Clothing Faceloss#* 2, 3, 6
atsealevel ventilation To
oC. Kgcal/hr. Kgcal/hr. Kgcal/hr. 0C Kgcal/hr. Kgcal/hr.
15 16.6 9.0 25.5 12.6 38
0 23.8 9.0 18.0 21.6 54
- 5 25.7 9.0 15.5 24.6 59
-15 28.9 9.0 Unknown 10.5 30.6 69
-25 31.6 9.0 5.5 36.6 77
-35 33.8 9.0 - 0.5 42.6 85
-45 36.8 9.0 _ 4.5 48.6 95
* Inspired air saturated at air temperatures; expired air saturated at 33° C. Sum
of sensible and insensible losses. Kgcal per hour per 900 liters/minute respiration rate.
* * Face loss has been estimated by assuming that 4 per cent of the body area is
facial and exposed directly, that the Ts of this exposed area is the mean of air and 360C.
The latter gives facial skin temperatures of the order of O°C. at -350 to -45°C., a
point recognized as one at which the exposed portions of face are likely to freeze at even
normal air movements. As a local radiation-convection constant, a value of 1.2 Kgcal
per hour per 0.07 M2 (4 per cent of the total) per °C. difference between Ta1, and Ts
has been used.
Ifthese limitations are borne in mind, very acceptable predictions of
the performance and protective value of clothing may be made from
direct observations on human subjects. A formula which has been
widely used for this purpose utilizes the definition of the clo unit byCLOTHING AND HEAT EXCHANGE
Gagge, Burton, and Bazett13 based on the experimental work of
Winslow, Gagge, and Herrington.28 A convenient form for com-
putation has been given by Belding, Darling, Griffin, Robinson, and
Turrell.5 The insulation of air in clo units at different velocities
required in this formula may be obtained from the work of Burton.7
The formula is:
5.55 (ts-ta.) A
[7] IC= M - .58E + 0.83 W (2 At± +LAtu) Ia
3
where
I1c = over-all insulation of assembly in "Clo" units,
1a = insulation of air in "Go" units,
t= mean skin temp., excluding temp. of head, hands, and feet, 'C.,
ta = ambient air temperature, 'C.
A = body surface area (DuBois), sq. m.,
M = total metabolic rate determined from oxygen consumption,
Kgcal/hr.,
E = evaporation loss estimated from successive weighings of clothed
subjects, loss in gms. x .58- Kgcal/hr.,
W = weight of unclothed subject, Kg.,
0.83 = composite specific heat of human body, Kgcal/°C.,
Atr = rate of fall of rectal temperature, 'C./hr.,
Ats = rate of fall of mean skin temperature, 'C./hr.,
5.55 = the reciprocal of the clo value, converts the total resistance,
Kgcal/M2/hr./0C. into clo units. Tests are carried out in a
moderately low temperature with subjects at rest. Observations
of t., M, E, tr, and ta are made between the second and third
hour of exposure after the subjects attain a steady cooling rate.
In all determinations of insulation value it is important to remember
that the values derived are average insulation values. Heat loss is not
uniform over the surface of the clothed body, and the requirements
of dress make large differences in insulation value necessary. The hands,
as an example, can not be efficiently used if the local insulation value
is the average clo required for extreme conditions. Insulation of the
hands in a thermally adequate fashion leads to gloves of ridiculous
proportions. For this reason the more exposed parts of the body require
a special treatment in any analysis of over-all insulation requirements.
Physiologicalcost ofexcess clothing underhotconditions
The problem of estimating the insulation of clothing is not a
critical feature of hot weather clothing science. Aside from simple over-
heating, theprincipaleffectsofclothingunder warm conditions are: (1)
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a possible reduction of solar heat gain and an increase in evaporative
efficiency under certain circumstances, (2) an increase in circulatory
stress and dehydration effects where greater clothing is required than is
desirable from a purely thermal standpoint. In table 6 the variable
dehydration stress that may be imposed by clothing is illustrated. These
results show the sweat secretion of a young male subject working on a
bicycle ergometer with a total heat production of 279 Kgcal per hour.
This work is approximately equal to walking at 3 miles per hour with
a 20-pound pack.
TABLE 6
Sweat secretion in gms./hr.
Dress at 850F. (29.40C.) at 1100F. (43.30C.)
-85% R.H. -15% R.H.
._________________________ (equivalent air movement 100 ft./min.)
Light underwear, shorts,
moderate weight pants,
and shirt, shoes, light socks 470 700
Stripped to the waist 438 603
Shorts, underwear, socks, shoes 333 638
Athletic supporter, shoes, and
socks 260 652
These data show that at air temperatures above body temperature,
with low humidity, the effect of clothing variation is not conspicuous
at low air velocities. However, at moderately hot temperatures with
high humidity, the dehydration effect of added clothing is conspicuous.
The thermal analysis of this differential effect is complicated, but in
general, the difference depends upon the importance of radiation and
convectioncooling atthe 85'F. (29.4°C.) condition and the dominance
of evaporative cooling at the 1100F. (43.30C.) condition. In the
former, the added clothing imposes an added heat load, while in the
latter, no cooling is occurring by radiation and convection, and clothing
affords an evaporative surface or wick action, which is desirable.
In the majority of instances questions involving the hygiene of
clothing at' high temperatures are best evaluated by direct determina-
tions, as in table 6, of the dehydration cost of various assemblies, in
relation to the increments in body temperature associated with this loss.
There is at present no general agreement as to the absolute elevation
of body temperature or rate of dehydration which is permissible for
various types ofwork. Any given stress determined experimentally may,
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however, be profitably compared with the approximate limits deter-
mined by Robinson, Turrell, and Gerking22 for steady state ex-
posures or with the tolerance time index of Taylor.26 Both of these
reports deal with the grading of thermal stress in terms of measures of
equivalent physiological response involving pulse accelerations, rate
of dehydration, and body temperature increment.
The thermal properties of clothing
In this discussion little attention has been given to the physical
properties ofindividual fabrics. The reason for this is that it is generally
conceded that in the range of densities for fabrics suitable for clothing,
the thermal properties of particular fibers are not very important in
determining insulation values. Clothing provides insulation primarily
because it traps air and as a consequence insulation values tend to
approximate the value for still air in a thickness comparable to the
fabric.24 In fact, the thermal insulation of an air space filled with
steel wool packed to a density of 9 pounds per cubic foot was found
to be only 20 per cent less than the value for still air.
Many efforts were made during the war period to increase the
insulation value of the usual fabrics. Such efforts introduced reflective
layers for radiation insulation, tested the effect of various gases other
than a'r in the fabric spaces, or attempted to delay cooling by the use
of capacity effects, usually hydrated elements situated in the interior of
the clothing. Probably none of these methods could be said to have
achieved substantial gains, although flexible fabrics with aluminum sur-
facing may yet prove to have an application in the clothing field.
Perhaps the most general conclusion is that the attainment of
adequate insulation in severe cold exposure is limited by the inability
of conventional insulating fabrics to reduce heat transfer beyond a
certain point without impossible increases in bulk. In addition, under
extreme exposure, the parallel paths of heat loss from the exposed skin,
from the lungs, and through clothing ventilation seriously reduce the
efficiency of the specific clothing insulation. It was also found that the
bulk factor was of special importance in limiting the effectiveness of
insulation for the extremities. These three difficulties appeared in-
surmountable and led to the general useof electrical heating in aviation,
and to an emphasis on auxiliary heat for other severe exposures.
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Physiological alterations of the thermal properties of the human body
In an earlier discussion, heat loss analysis and tolerance data have
been discussed without emphasis on the character of the body's tem-
perature regulation activities. Vasomotor action, however, may defi-
nitely alter the conditions of heat loss in a manner strikingly similar
to that produced by clothing. This reaction warrants discussion since it
eventually has to be included in any complete analysis of clothed heat
loss.
Vasomotor effects on the heat conductance of the skin are somewhat
analogous to the addition or removal of clothing from the body.
The skin of the human body is richly supplied with blood vessels.
Under cold stimulation the flow of blood through these vascular net-
works is greatly reduced. When exposed to heat, the flow near the skin
surface is greatly increased. The net result of this action is that the
heat loss through the cold skin has to pass an insulation barrier which
exceeds the resistance of the warm dilated skin by an amount equivalent
to the insulating value of 1 to 1.5 cm. of fatty tissue. In computing the
total resistance to heat loss from the deep regions of the body to air, this
element of resistance due to vasomotor action is considerable. Burton8
gives the following values in clo units for the practical range in
variation of the resistance due to vasomotor action, clothing, and air.
TABLE 7
Resistance Rangein Causeof
element CIo units variation
Peripheral Vasomotor
tissues .15-.80 action
Clothing 1-4do Choice of
dothing
Air .2- .8 Airmovement
Analysis of thermal stress must be made both for resting and active
occupations, hence it is of considerable importance to know whether or
not the range in the resistance of the skin is different under the two
circumstances. In table 8 data on the exercising subject obtained by
Nielsen21 have been re-computed to obtain values for the thermal
conductance of the skin of a subject exercising on a bicycle ergometer
at air temperatures between 9.3°C. and 36°C. Under the coolest con-
dition the low conductance of 14.4 Kgcal/M2/hr. is realized, and this
value is in a portion of the conductance curve which is asymptotic
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to air temperature. Hence we may assume that maximum vasoconstric-
tion had been realized at this condition.
TABLE 8
T° Rectal T.Ts," M*-'W TR-T'S M-W KperM2
temp. .-, o0C. 0C. OC. 0C. (per1.80Ml2) ____
9.3 38.3 21.0 467 17.3 27.0 14.4
15.0 38.3 23.7 467 14.6 32.0 17.0
19.6 38.3 26.7 467 11.6 40.3 21.4
29.0 38.3 32.0 467 6.3 74.1 39.4
36.0 38.3 35.3 467 3.0 155.7 82.8
* Metabolism - work in Kgcal/hour/man.
K = conductance, Kgcal/hour/man or per M2.
A similar study on resting subjects by Gagge, Winslow, and Herr-
ington'4 gave a constricted value of 12 for the conductance. If we
express the constricted and dilated conductance values for the exercising
and resting subjects as resistances we have the following relations:
5.026 dilated . .012 dilated
Resting (083 constricted Exercising .069 constricted
In both instances the absolute change in the thermal resistance of
the skin, produced by vasodilation to heat, is .057 Kgcal/M2/hr.;
thatis,exercise does notalter thethermal resistance removed byvasodila-
tion. Since different subjects were used in these two experiments, and
since the skin temperature data of the two experiments are only
approximatelycomparable, wecan attach no importance to the exactness
of the above agreement. We are quite justified in assuming that there
is no considerable variation in the thermal effect of dilation at rest
and in exercise in so far as resistance is concerned.
If we use Lefevre's value of 23.8 Kgcal/M2/hr./°C./cm. for the
19 .~~~057 specific conductivity of tissue,19 we obtain a ratio of .47 between
the total resistance change due to vasomotor action and the specific
thermal conductivity of tissue. This calculation indicates that in an
exercising or resting subject dilation is equivalent to the removal
of a thermal resistance equivalent to 1.35 cm. of tissue. Quite obviously
this is a considerable item in computing the sum of resistance, including
clothing, which may lie between the deep body regions and the air.
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The limit of physiological tolerance for heat and cold stress
All calculations of the protective value of clothing must be applied
to practical situations in which it is seldom possible to avoid completely
some departure of the body system from an ideal thermal state. In
short, physiological tolerance is itself an important protective property
of the body exposed to heat or cold.
In thisconnection itisdesirable to have a reasonably accurate picture
of the limits of the temperature deviation from normal within which
survival is possible. While such extreme stresses are seldom realized,
the tolerable range of tissue temperature has a value in degrees which
is a proper reference standard for the grading of the smaller deviations.
Untilveryrecently the mostreliable dataon the lowestbodytemperature
consistent with survival had been reported in connection with the
hypothermictreatmentofcancer.0 1217, 20 Although the hypothermic
treatment of cancer has appeared to be unsuccessful, the lowering
of body temperatures by as much as 140C. for extended periods
has provided unusual data on the physiological behavior of the body at
subnormal temperature levels. These studies suggest that a rectal tem-
peratureof250C. is near the lower limitof average tolerance. Individual
cases may survive considerably lower levels, but as an average the
figure is reasonable. Considerable support for this value is given by the
records from the Dachau concentration camp experiments with human
beings. These grim proceedings' report 7 experimental deaths from
immersion in cold water. The average results are given below:
Water Time of Timeat Bodytemp. on Bodytemp.
temp. immersion death removalfrom atdeath
°C. water, 0C. 0C.
4.6 67min. 73min. 28.0 26.8
The average value for body temperature at death is 1.8°C. above
the suggested limit of 25'C., and the range of terminal temperatures at
death extended from 250C. to 29.20C. However, it is not probable
that these prisoners were in especially good physical condition, and
many records exist of survival several degrees below 25°C. Since the
cooling characteristics of the human body under extreme cold stress are
notgenerallyknown, a section of the Dachau data on body cooling will
be of interest. The data refer to a clothed man immersed in water at
4.6°C. for 70 minutes.
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Time 0 20 30 40 50 60 70
Trectal, C. 37.0 36.2 35.3 33.3 32.4 30.2 29.5
Tskinf0C- 35.0 22.0 17.7 17.4 16.8 16.4 16.2
It may be noted that the clothing exerted some protective action
as nude subjects generally cooled to a temperature 20-30C. lower in
the same time period and in water at the same temperature. It should
also be noted that the average tissue temperature must have been sub-
stantially lower than the rectal temperature. If we apply the weight of
1 for skin temperature and 2 for rectal temperature (see earlier dis-
cussion of storage) a mean tissue temperature* of 21.70C. is indicated.
Inother experiments made atDachau, airexposuresof approximately 14
hours nude at -6°C. were required to achieve the low body tempera-
tures produced by immersion for 60-70 minutes in water at 40-5°C.
Datacomparable to the above in relation to the upper limit of body
temperature tolerance are difficult to find. Clinical experience with heat
therapy and acute heat stroke provides the best source. Elevations of
body temperature to 41°C. are common in fever therapy,"8 and
inextremephysical exertion, such asdistance running, comparable levels
are reached. Reportsbasedon heatdeathsoften do notdistinguish clearly
between heat prostration and the acute seizures in which elevation
of temperature is a striking symptom, hence an average of the terminal
values in "heat" deaths maybemisleading. The evidence available, how-
ever, suggests that the upper limit of tolerance lies above 42.2°C.9
and below 43.5OC.25
In table 9 the evidence on both upper and lower limits of tolerance
for thermal stress has been summarized.
Table 9 clearly shows that the optimal temperature is not midway
between theupper and lowerdanger zones in thermal stress, but that the
human body operates rather near its upper limit of tolerance. The total
range of survival in terms of rectal temperature is about 180C., 120
of this range lying below the optimum of 370 and 60 above it. The
variation in heat content is about 17 times the normal hourly heat
production.
Although tolerance forcold appears to be quantitatively greater, one
may observe that the negative heat debt (cooling) tolerated is about
* Skin temperatures in a well-stirred water-bath are only a fraction of a degree above
bath temperatures. The high values reported here undoubtedly reflect the influence of heavy
binding over the thermocouple plus the restriction of water circulation produced by heavy
clothing.
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equal to the total energy consumption in the heaviest work that may be
maintained forone hour, theperiod also required toproduce thiscooling.
This is interesting in that it shows that the mechanism of "heat" ad-
justment is not quantitatively inferior to adjustment to cold stress when
the heatstressisproducedvoluntarily andis notprimarily environmental
in origin.
TABLE 9
Representative Av.24 Representative
rectaltemp. in hour rectaltemp.in
lowerrangeof rectal upperrange of
survival temp. survival
-___ 250C. 310C 430C.
Calculated Av.
body temp.,
Burton formula
(TR.65 + Ts.35) 21.9 35.6 42.0
Total heat content
above 0°C.
(70 Kg.) Kgcal 1272 2068 2440
Differences from heat
content at
370C. TR (Av. 35.6) -796 0 +372
Ratio of above difference to
basal heat production at
370C. 11.4 1 5.3
* Day values usually exceed 37°C., but the 24-hour average is very near 37GC.
It is appropriate to close this report with some comment relative
to the permanent value of the war-period experience with problems of
exposure. It is obvious that we are now in a position to give a relatively
clear specification in quantitative terms of the effect of any required
dress on human heat balance. It is also very clear that the real im-
portance of such studies will lie in the field of industrial physiology,
and that the primary contribution is likely to be in the development and
acceptance of indices of physiological stress in which unfavorable ex-
posures are quantitatively evaluated in terms of circulatory costs,
dehydration stress, and alterations in the normal temperature and con-
ductance gradients of the body tissues.
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